ABSTRACT. Major histocompatibility complex (MHC) genes play an important role in the immune response of vertebrates. Allelic polymorphism and evolutionary mechanism of MHC genes have been investigated in many mammals, but much less is known in teleosts. We examined the polymorphism, gene duplication and balancing selection of the MHC class II DAB gene of the half-smooth tongue sole (Cynoglossus semilaevis); 23 alleles were found in this species. Gene duplication manifested as three to six distinct sequences at each domain in the same individuals. Non-synonymous substitutions occurred at a significantly higher frequency than synonymous substitutions in the PBR domain, suggesting balancing selection for maintaining polymorphisms at the MHC II DAB locus. Many positive selection sites were found to act very intensely on antigen-binding sites of MHC class II DAB gene.
INTRODUCTION
The major histocompatibility complex (MHC) is a genomic region that encodes cellular proteins that are involved in the immune response in vertebrates. The main functions of MHC encode cell-surface glycoproteins responsible for binding foreign peptides for the presentation proteins to T-cell receptors (TCR) in the adaptive immune system, and thereby triggering a specific immune response against the pathogen from which the peptides are derived. The MHC class I molecule, consisting of one alpha chain and b2-microglobuin, presents foreign peptide products by the degradation of intracellular pathogens and presenting them to cytotoxic CD8 + T cells. The MHC class II molecule, consisting of one alpha chain and one beta chain, presents foreign peptides derived from extracellular pathogens to helper CD4 + T cells. Surprisingly, unlike mammals and other vertebrates, the class I and class II genes were found to reside on different linkage groups in teleosts (Graser et al., 1996) . Thus, some scientists believe that the major histocompatibility (MH) genes are more appropriate designation in teleosts (Stet et al., 2002) .
The hallmark of MHC genes is the extremely high degree of polymorphism, which results from the presence of multiple loci and numerous alleles at each given locus within populations (Xu SX et al., 2009; Archie et al., 2010; Goüy and Leirs, 2010) . The high polymorphism found in the MHC class II genes is generally confined to exon 2, which encodes the peptidebinding region (PBR) in the a1-or b1-domain. Three major types of mechanisms can explain the evolution and maintenance of allelic polymorphism in MHC genes within vertebrate populations (Hedrick, 2002; Aguilar and Garza, 2007) . There are several lines of evidence that polymorphic MHC loci are subject to balancing selection (see review in Hughes and Yeager, 1998a; Ekblom et al., 2010; Eimes et al., 2010; Karaiskou et al., 2010) , and the pressure exerted by pathogens and parasites is considered to be a major component of balancing selection, influencing MHC polymorphism (Hedrick, 1998 (Hedrick, , 2002 Stear et al., 2005) . None of the other selection pressures were proposed for the maintenance of MHC polymorphism (see review in Apanius et al., 1997) . Thus, operating evolutionary mechanisms are of great interest (Hedrick 1998) . High rates of non-synonymous (d N ) to synonymous (d S ) substitutions are regarded as good indicators for an ongoing adaptive evolutionary process (Parham and Ohta, 1996; Axtner and Sommer, 2007) . Moreover, it becomes more and more evident that not only allelic diversity within one single locus is important, but also gene duplication seems to be an important evolutionary tool to increase allelic diversity within a species (Axtner and Sommer, 2007) . Gene conversion plays an important role in the generation of new alleles and the evolution of MHC genes (Hughes and Yeager, 1998b) . MHC loci have sometimes duplicated independently in different mammalian groups, and half of the loci are functional (Hughes and Nei, 1990) . Gene duplication plays a major role in the adaptive evolution of organisms (Hughes, 1994) . BS, the "birth and death" evolution model, produces in mammals new orthologous genes by duplication, which diverge by accumulating mutations over time. Some of these alleles persist in the genome, and some get deleted or become pseudogenes (Nei and Rooney, 2005) .
Due to its important role in the vertebrate immune system, most studies of the MHC are primarily interested in the extent of polymorphism within loci. Understanding the evolution of MHC genes in lower vertebrates may provide insights into the origin of the MHC. The half-smooth tongue sole (Cynoglossus semilaevis) is an important economic marine fish in China, and its evolution has attracted the attention of some scientists, where three genes of the MHC gene family have been reported (Xu TJ et al., 2009; Xu et al., 2010) . To explore the ongoing evolutionary mechanisms that determine adaptive MHC polymorphism in the halfsmooth tongue sole, we decided to analyze the polymorphism of exon 2 of the MHC II class DAB gene, which encodes the PBR in the a1-domain and is the most polymorphic region of the MHC class II DAB gene. Many methods can be applied to the characterization of MHC polymorphism; we chose sequence analysis to study the polymorphism of the MHC II DAB gene, because it is a precise technique for investigating nucleotide variations. Our specific goals were to investigate the polymorphism of the MHC II DAB gene and to analyze the evolution pattern and gene duplication.
MATERIAL AND METHODS

Animals and DNA extraction
Specimens of half-smooth tongue sole were collected in the Zhoushan fishing ground of Zhejiang province along the East Sea coast in China. Fin tissue samples were taken and stored in 95% ethanol. Genomic DNA was extracted from fin samples with the phenol-chloroform method as descried elsewhere (Xu et al., 2008) . The quality and concentration of DNA were assessed by agarose gel electrophoresis and measured with a GeneQuant Pro (Pharmacia Biotech Ltd.) RNA/DNA spectrophotometer. Finally, DNA was normalized to a concentration of 100 ng/μL for subsequent polymerase chain reaction (PCR) amplifications.
PCR procedures
Genetic investigations focused on exon 2 of MHC class II DAB gene, because it contains most of the PBR loci and, therefore, shows the most likely chance for detecting balancing selection acting on the MHC class II gene (Axtner and Sommer, 2007) . We analyzed 29 individuals using PCR with specific primers. To isolate the complete exon 2 of the MHC class II DAB gene, specific primers (Cyse-DAB-F: 5'-TTCCTCCTCACGGTCCACA-3' and Cyse-DAB-R: 5'-TGATTTAGCCAAACCAGTC-3') were designed according to the complete genomic sequence of the MHC class II DAB gene as described by Xu TJ et al. (2009) . All PCRs were carried out in a final volume of 50 μL, each containing 5.0 μL 10X Taq polymerase buffer, 0.2 mM dNTP S , 0.2 μM of the forward and reverse primers, 2 U Taq plus polymerase and 1 μL DNA template. Cycling conditions were 94°C for 4 min followed by 30 cycles of 94°C for 40 s, 52°C for 40 s and 72°C for 2 min to reduce artifact formation, ending with 1 cycle of 72°C for 10 min; PCR was performed on a PTC-200. The PCR products were electrophoresed on a 1% agarose gel to check integrity and visualized by the Molecular Imager Gel Doc XR system (Biorad).
Cloning and sequencing
PCR products were purified using the QIAEX II Gel Extraction Kit (Qiagen). The purified fragments were ligated into PMD18-T vectors (Takara) and cloned to TOP10 cells according to the standard protocol. Positive clones were screened via PCR with M13+/-primers. Amplicons from 5-6 positive clones per individual were sequenced using the ABI 3730 automated sequencer with M13+/-primer. The number of clones was sufficient to determine the genotype of each individual and to avoid reading errors or recombinant sequences generated during PCR amplifications.
Sequence analysis
The sequences were edited and aligned using Clustal W multiple alignment. We have previously reported 15 alleles of the MHC class II DAB gene (Xu TJ et al., 2009) , and here, the new alleles were identified and designated according to accepted nomenclature rules (Davies et al., 1997) . Polymorphic values were determined using the DnaSP v5.0 analysis software and the DAMBE software, and nucleotide diversity was estimated with a sliding window of 100 bp using DnaSP v5.0. To test for recombination events between alleles, we used the DnaSP software to determine the recombination loci. The MEGA software was used to calculate the rate of d S and d N , according to the method of Nei and Gojobori (1986) , and the phylogenetic trees were constructed using nucleotide sequences via the neighbor-joining method.
Detecting positive selection
Evidence for positive selection was assessed using the likelihood ratio model in the CODEML program, which is contained in the PAML 3.14 program suite. We used maximum likelihood models to examine heterogeneity in ω (d N /d S ; Goldman and Yang, 1994 ) among site partitions. For these analyses, we employed the random-site models, assuming several heterogeneous sites with different ω parameter without a priori knowledge of the class (neutral, purifying, or positive selection) to which a given codon belongs. The models implemented in this study are M0, M1a, M2a, M3, M7, and M8 (Yang et al., 2005) . The likelihood ratio tests were used to compare model M0 with M3, M1a with M2a, and M7 with M8, respectively. When the alternative models M2a, M3 and M8 suggest the presence of codons with ω > 1, this can be considered evidence of positive selection. Posterior probabilities for site classes have been calculated by the Bayes empirical Bayes (BEB) method in M2a and M8 (Yang et al., 2005) . The posterior means of ω for some site classes are >1 (calculated is the average of ω over all site classes weighted by the posterior probabilities), and those sites are likely to be under positive selection (Yang et al., 2005) .
RESULTS
Polymorphism of MHC class II DAB
Of the 29 individuals, 20 Cyse-DAB alleles were defined, and eight of these alleles were novel and designated Cyse-DAB*0103, Cyse-DAB*0104, Cyse-DAB*0105, Cyse-DAB*1001, Cyse-DAB*1101, Cyse-DAB*1201, Cyse-DAB*1202, and Cyse-DAB*1301 (GenBank accession No. GU186865-GU186872), according to accepted nomenclature rules (Figure 1 ). Fifteen alleles (GenBank accession No. FJ372722, GU186873-GU186886), which we have previously reported, were also used in this study. A fragment of 270 bp of the complete exon 2 of the MHC class II DAB gene, corresponding to the a1-domain of the protein was sequenced and aligned with class II DAB alleles described in previous studies (Xu TJ et al., 2009 ). The number of alleles per individual varied from 2 to 6, as expected from the duplication gene locus, and more than two alleles were detected for most of the individuals, suggesting that at least three loci of the MHC class II DAB gene exist in the half-smooth tongue sole. The full alignment of the 270 bp exon 2 of MHC class II DAB gene did not show any gaps, and none of the sequences contained insertions/deletions or stop codons, suggesting that all sequences may come from functional molecules in the genome. The nucleotide sequence corresponded to a putative peptide of 90 amino acids. There were 81 variable sites in exon 2, of which 81 parsimony informative sites were observed. Most sequences consisted of highly conserved motifs with a number of variable residues concentrated in particular sites (Figures 1, 2) . The putative amino acid residues involved in antigen binding in the half-smooth tongue sole were based on the corresponding antigen-binding sites identified in humans (Brown et al., 1993) , and indicated that the polymorphic sites in the fish alleles differed only slightly from those in human (Figure 2) . Analysis of all the 23 alleles showed that 30.0% of the nucleotides were variable and that 45.7% of the amino acids were variable. Within the polymorphic α1-domain of the 23 alleles, the pairwise nucleotide distance ranged from 0.004 to 0.258 with a mean of 0.145, and the pairwise distance of amino acid sequences ranged from 0.011 to 0.511 with a mean of 0.258. In addition, the neighbor-joining phylogenetic tree revealed that the alleles of the half-smooth tongue sole constituted a distinct clade, separated from the flounder (Paol-DAB*0101, EU380332) and turbot (Scma, DQ001730) (Figure 3 ). Phylogenetic analysis of the sequences revealed two distinct allele clusters (clusters I and II), and subsequently, polymorphism analyses were also performed on each cluster separately. The polymorphic value was determined using the DnaSP v5.0 software. To further characterize patterns of polymorphism, analyses were carried out on whole sequences and each cluster separately. Table 1 summarizes the measures of polymorphism in both all sequences and each cluster. The average number of nucleotide diversity Pi (π) and Theta-W value (per site) of all sequences of exon 2 were 0.1259 and 0.0813, respectively, and the average number of nucleotide differences (k) was 34.00. The exon 2 of MHC II DAB revealed high nucleotide diversity. The spatial distribution of nucleotide diversity is shown in Figure 4 . There were two peaks upstream located between 13 and 103 bp, and there was lower nucleotide diversity in the middle of exon 2. 
Patterns of positive selection
The rates of d S and d N , nucleotide substitutions and their ratio (ω = d N /d S ) for the PBR and non-PBR of the MHC class II DAB sequence are presented in Table 2 . This high level of non-synonymous substitutions leads in both clusters I and II to an ω significantly higher than the one in analysis over all sites. In all sequences, the rate of d N was 2.083 times higher than the d S in the non-PBR. Within clusters I and II, there were differences between the ω at the PBR and the non-PBR, both also showing strong positive selection pressure. For cluster II, d S at the PBR was 0, thus, impossible to test the ω value. 
Locus
All domain PBR Non-PBR Maximum likelihood-based random-site models that revealed positive selection fitted the data significantly better than models that did not incorporate selection: models M3 and M8 better than models M0 and M7 (Table 3 ). The random-site models demonstrated extreme vari-ability in selective pressure among sites and the presence of a number of sites under positive selection. These positive selection sites were identified using the BEB procedure in the PAML software. In total, 10 codons were significantly positively selected under the model M2a, 32 codons under the model M3, and 15 codons under the model M8 (Table 4) . These positively selected sites corresponded almost exactly to amino acid residues lying in the PBR (Figure 5 ). Analyses were performed using CODEML (included in the PAML 3.14 program suite). Positively selected sites ω were identified by the Bayes procedure (Yang et al., 2005) . Sites inferred under selection at the 99% level are listed in bold, and those at the 95% level are italicized. P = number of parameters in the ω distribution; K = estimated transition/transversion rate; ω = selection parameter; p n = proportion of sites that fall into the ω n site class; p, q = shape parameters of the β function (for models M7 and M8). Table 4 . Results of maximum likelihood models of exon 2 of the DAB gene. 
DISCUSSION
Because MHC genes are significant elements of adaptive immunity in vertebrates, they have attracted the attention of many scientists. High polymorphism is one of the most characteristic features of the MHC genes; allelic MHC molecules bind and present specificity peptides, and the response of an organism toward certain pathogens can be influenced by MHC alleles present in different haplotypes. Allelic polymorphisms of MHC genes have been investigated in many species (Graser et al., 1996; Axtner and Sommer, 2007) . For example, 76 alleles in 60 flounder individuals (Xu et al., 2008) , 26 alleles in 36 Clethrionomys glareolus individuals (Axtner and Sommer, 2007) , 27 alleles in 146 Apodemus flavicollis individuals (Meyer-Lucht and Sommer, 2005) , and 34 alleles in 40 Gerbillurus paeba individuals (Harf and Sommer, 2005) were found. However, a very low allelic diversity in some species was also demonstrated, for example, only 5 alleles in 100 individuals sampled from four populations of the water vole (Oliver and Piertney, 2006) . To evaluate allelic variation and detect patterns of selection of MHC class II DAB gene in the half-smooth tongue sole, we report here many alleles of the MHC class II DAB gene. To our knowledge, this is the first study of the allelic polymorphism and balancing selection of exon 2 of the MHC class II DAB gene in the half-smooth tongue sole.
In the present study, of high interest is the fact that there is high polymorphism of the MHC class II DAB gene. Twenty alleles in 29 individuals were detected in this study; a total of 23 alleles were discovered in 33 individuals of half-smooth tongue sole, including findings of our previous study (Xu TJ et al., 2009 ). Most alleles differed at more than five amino acids. Concerning the number of MHC class II DAB genes, the present study revealed the presence of up to six different sequences in a single individual, suggesting that at least three loci of MHC II class DAB existed in half-smooth tongue sole. Some strong evidence of MHC gene duplication has been found in many species (Flores-Ramirez et al., 2000; Baker et al., 2006) . In Japanese flounder, at least three duplication loci of the MHC class IIB gene were also found (Xu et al., 2008) . Grimholt et al. (2003) showed that the presence of multiple loci is one of the reasons for the extremely high degree of MHC polymorphism. There are two major theories explaining the evolution of the MHC gene. One hypothesis is the birth and death model of evolution (Nei et al., 1997) , which suggests that the MHC genes have been produced by duplications. Some genes diverge functionally through the accumulation of the mutations over a long period; some alleles become fixed, and some pseudogenes are deleted from the genome due to deleterious mutations. The second hypothesis is gene conversion between alleles of one or different loci leading to new alleles using segmental exchange (Parham and Ohta, 1996) . In this study, we found events for recombination loci in the half-smooth tongue sole, suggesting that the observed diversity in sequences is probably generated by recombination/gene conversion.
Gene duplication of MHC genes is a common feature; duplicated MHC loci usually are governed by diversifying selection over shorter evolutionary time, which may favor their specialization (Hughes, 1999) . The d N /d S test, a commonly used measure of selection, demonstrated that there is strong evidence of the PBR within DAB exon 2 in the half-smooth tongue sole. d N /d S is greater than one indicating balancing selection Nei, 1988, 1989) , and thus, the MHC class DAB locus in the half-smooth tongue sole seems to be subject to a strong balancing selection. In this study, where the d N /d S ratio is much higher at PBR sites than at non-PBR sites, the differences are very significant (Table 2) . However, different results for the MHC class II genes in some species are unexpected (Axtner and Sommer, 2007) . The unexpected results could be caused by the unknown detailed structure of MHC proteins in the majority of species studied and incorrectly identified PBR sites (Bryja et al., 2006) . In this study, the putative amino acid residues involved in antigen binding were based on the corresponding antigenbinding sites identified in human HLA protein (Brown et al., 1993) . The structure of the PBR sites is variable between different alleles at one locus, and thus, it is very important to identify the PBR sites under various types of selection using maximum likelihood models. The results of this study reveal that the observed diversity in the MHC class II DAB gene may be, to a large extent, generated by positive selection on PBR sites. The effect of positive, balancing selection may increase in regions involved in recombination. The positive selection sites identified by Bayesian analysis coincided largely with sites that compared with PBR sites in humans. Fifteen sites were identified with a strong signal of positive selection by model M8 (Table 2; Figure  5 ) of which nine corresponded to potential PBR sites (5N, 7R, 25D, 29L, 44F, 67A, 77H, 81L, 85T). Model M2a included all the 10 positive selection sites completely identified by M8, but M3 added 17 more sites than model M8, nine of them potentially the PBR sites (27Y, 34I, 53S, 58W, 65T, 70E, 78N, 82D, 84R). The fact that sites were identified as PBR sites using maximum likelihood models suggests that they are implicated in peptide binding in this species.
